Introduction {#Sec1}
============

The grass family is one of the largest among the flowering plants. Representatives of the Poaceae are found in almost every habitat. Grass pollen is the major cause of pollinosis in many parts of the world. The number and species of airborne pollen vary according to the time of day, seasonal and weather conditions, geographical location and proximity to pollen sources. The distance from grass pollen source is important especially for sufferers of allergic diseases; for instance, measurement of rye pollen count carried out by Rapiejko et al. ([@CR44]) on a field of blooming ray revealed a concentration of over 7,300 p/m^3^ of air at 1.8 m above ground level and about 200 p/m^3^ at 0.5 km away from the field borders. For persons with grass pollen allergy, this means a hazard of acute allergic symptoms including dyspnoea (difficult or laboured respiration).

Aerobiological studies providing data on exposure to allergens in the air are of substantial importance for the pollen allergy diagnosis. The most important agent causing pollinosis in Europe is grass pollen. Approximate estimations indicate that in Europe, 3--5% of the population, i.e. 15 million people, suffer from pollinosis during the flowering season of Poaceae (Obtułowicz [@CR37]). The pollen season of grass in Northern, Central and Eastern Europe lasts from the beginning of May to the end of July; in the Southern Europe---from April to June (D'Amato [@CR8]; D'Amato et al. [@CR10]). However, in Poland, Poaceae pollen can linger on in the air longer, to the second half of September (Szczepanek [@CR57]; Kasprzyk and Walanus [@CR29]).

The pollen of *Lolium* (ryegrass, darnel), *Phleum* (timothy), *Dactylis* (orchard grass) and *Arrhenaterum* (oat grass) has strong allergenic properties. The most important antigen from among the cereals is *Secale cereale* (ryegrass); with very few exceptions, all grass pollen types show a very high degree of cross-reactivity (the reaction between an antibody and an antigen that differs from the immunogen, mainly proteins). Grass pollen can also cross-react with food like beans, peas, cereals, peanut and fruit (melon, watermelon) as well as edible vegetables (carrot, celery) (Reindl et al. [@CR45]; Andersson and Lindholm [@CR3]; Asero et al. [@CR4]). The majority grass species are allogenic, producing large amounts of pollen. The taxa of the Poaceae family with high allergenic potency are characterized with particularly high pollen productivity. For instance, the pollen production per anther/inflorescence in *Arrhenatherum album* reaches 8,720--19,760/about 5 million; in *Lolium rigidum* 6,870--14,860/above 5 million; in *Dactylis glomerata* 1,740--3620/about 8 million; in *Festuca arundinacea* 6,090--12,390/about 12 million (Prieto-Baenapablo et al. [@CR42]); and in *Secale cereale* 19,000/4.2 million (De Vries [@CR12]).

Literature gives a few references to the number of pollen grains needed to provoke an allergic reaction in susceptible individuals. The grass pollen concentration at which clinical allergic symptoms can develop depends also on individual reactivity and show regional differentiations. In Poland, the people sensitive to Poaceae pollen developed the first disease symptoms when exposed to more than 20 grains/m^3^ (Rapiejko et al. [@CR44]). In Turku (Finland), a count of less than 30 grass pollen grains/m^3^ was significantly correlated with respiratory tract symptoms at the start of the Poaceae pollen season (Rantio-Lehtimaki et al. [@CR43]). In London (UK), the lowest concentration of grass pollen able to induce the appearance of hay-fever symptoms was shown to be 10--50 grains/m^3^ (Davies and Smith [@CR11]). In Croatia, the threshold value amounts to 30 grains/m^3^ (Peternel et al. [@CR40]), and in Spain, the first allergy symptoms were observed at 25 grains/m^3^ (Rodriguez-Rajo et al. [@CR48]).

Increasing concentrations of atmospheric pollutants i.e. ozone, sulphur dioxide, nitrogen oxides and particulate matter (PM) in industrialized regions and urban complexes intensify the risk of allergies. The subjects living in urban areas tend to be more affected by plant-derived respiratory disorders than those who live in rural areas. Separate effects of bioaerosols and PM as well as their synergistic effects can aggravate respiratory allergy and other pulmonary diseases (D'Amato [@CR9]; Parnia et al. [@CR39]; Adhikari et al. [@CR2]; Jianan et al., [@CR27]). Ozone has an irritating effect on the airways' mucous membrane. It is formed as a result of complex photochemical reactions between the volatile organic substances, nitrogen oxides and sunlight. These reactions are particularly intense in the air over big cities in summer, after the morning rush hour. D'Amato ([@CR9]), Riediker et al. ([@CR46]), Parnia et al. ([@CR39]) and Wilson et al. ([@CR61]) have proved a sensitizing effect of ozone in people suffering from asthma of allergic origin. Masuch et al. ([@CR34]), studying the allergy-inducing properties of *Lolium perenne*, have shown that the presence of ozone increases the concentration of the allergen Lol p 5 in the pollen grains of this grass. Schöene et al. ([@CR53]) have found that ozone stress is responsible for the disrupted development of pollen in *L. perenne*. In the presence of ozone, the number of pollen grains of perennial ryegrass containing amyloplasts decreases and vacuolization of the grains with amyloplasts is stronger. Sulphur dioxide is formed as a result of combustion of high sulphur-content coal. Nitrogen oxides come mainly from exhaust gases, especially diesel exhausts and gas cookers. These compounds can damage the mucous membrane of the respiratory tract, causing an increase in the mucus viscosity. They have also been found to occur on the surface of pollen grains (Śpiewak et al. [@CR54]; Yanagisawa et al. [@CR62]). Air pollution can also directly affect pollen grains as the pollen grains exposed to polluted air have been found to contain a reduced amount of allergens in the cells. Moreover, the exposure of pollen grains to a mixture of pollutants (CO~2~, NO~2~, SO~2~) has resulted in a greater decrease in the content of allergens than the exposure to only one type of pollutant (Rogerieux et al. [@CR49]). However, pollen of *Phleum pratense* (timothy grass) collected at roadsides showed significantly reduced allergen release in comparison with pollen collected with rural meadows (Behrend and Becker [@CR6]).

The aim of this work was to analyse the dynamics of the grass pollen season Poaceae family, in particular the *Secale* genus, over a period of five years and check a relationship between meteorological factors, air pollution and the concentrations of Poaceae pollen in the atmosphere of Szczecin, Poland.

Materials and methods {#Sec2}
=====================

Site information {#Sec3}
----------------

The city of Szczecin is situated in the north-west Poland. The climate of the city is shaped by morphological diversity of the surrounding area, the presence of watercourses and lakes along with large forest complexes at the peripheries. The average annual temperature for the years 1956--1990 is 8.4°C, January is the coldest month (−1.1°C) and July---the hottest (17.7°C). Annual mean relative humidity ranges between 70 and 77%, and rainfall is mainly concentrated in summer. Mean annual precipitation is 528 mm. The daily precipitates of over 20 mm or draught periods lasting longer than 20 days are rare. The average month wind speed over the years 1956--1990 is 3.6 m/s. The climate of the region is modified by the influence of Atlantic air masses and the proximity of the Baltic Sea. (Koźmiński and Czarnecka [@CR31]). Within the city area, there are synanthropic plants and trees introduced by man and also primeval forest. The green areas of the city also include numerous parks, lawns and home gardens.

As a result of spatial development of the city, several types of districts have appeared. The city centre is occupied by tall buildings with rented flats, characteristic of the late nineteenth and early twentieth century. Only the northern part of the city centre is dominated by old villas. The majority of districts are covered with villas or low houses and also with blocks of flats (Koźmińska and Wojciechowska [@CR30]).

Methods of aerobiological investigation and Poaceae pollen data {#Sec4}
---------------------------------------------------------------

Analysis of the pollen count distribution was performed on the basis of the data collected in Szczecin in the seasons of 2004--2008. The volumetric measurement point was located on the roof of the University building (University of Szczecin, Faculty of Natural Science) in the centre of the city of Szczecin (53°26′26″ N, 14°32′50″E), at an elevation of 21 m above ground level, 52 m above sea level (the roof). The measuring site was in direct vicinity 0.5 km north-west from the Jan Kasprowicz Park, the largest green complex in the part of Szczecin on the left bank of the Odra River. In the flora of Szczecin city to the most frequently from among genera in the Poaceae family belong: *Poa, Calamagrostis, Lolium, Bromus, Agropyron, Dactylis, Phleum, Alopecurus, Arrhenatherum, Secale, Avena, Triticum, Deschampsia, Briza, Holcus* (Ćwikliński [@CR7])*.* The pollen count was measured by the Hirst-type volumetric spore trap (Lanzoni VPPS-2000, Italy). A microscopic slide was made for each day of measurements. Pollen grains were counted along 4 longitudinal transects, which were divided into 2-mm (1 hourly) intervals; the pollen concentration was expressed as the 24-h average number of pollen grains/m^3^.

Pollen grains of grass were classed in the family Poaceae with the exception of *Secale* genus which was studied separately.

On the basis of literature data, the number of days with the pollen count of the *Secale* genus and the other grass taxa, exceeding the threshold values at which the consecutive allergy symptoms develop, was determined and is given in Table [1](#Tab1){ref-type="table"}. Rapiejko et al. ([@CR44]) reported the threshold values of grass pollen concentrations with the corresponding clinical symptoms. Hofman and Michalik ([@CR22]) and Rudzki ([@CR50]) specified the threshold value for first symptoms of rye pollen allergy in Poland. The differences between the number of grains which can evoke the first symptoms of pollinosis in Polish patients sensitive to grass pollen in general (20 grains/m^3^) and to *Secale* pollen allergens (10 grains/m^3^) implied the necessity of separate analysis of these taxa.Table 1Characteristics of the pollen seasons PS (98% total sum of pollen concentration) and number of days with pollen count over an allergenic significantly value: days \> 20 grains/m^3^---first symptoms (Rapiejko et al. [@CR44])Feature of pollen season20042005200620072008Mean values 2004--2008SDPoaceae (except *Secale cereale*) PS18 V-12 X22 V-10 IX23 V-24 IX6 V-14 IX20 V-9 IX18 V-20 IX11 V ÷ 25 V − 6 IX ÷ 4X Length148113125132112126.014.9 Max/date171/8 VII183/18 VI196/1 VII435/10 VI233/8 VI243.6/21 VI109.5/8VI ÷ 4VII Total pollen437046183526511240224329.6599.4 Days \> 20 grains/m^3^725147575055.410.0 Skewness2.001.642.103.502.362.320--*Secale cereale* PS22 V-15 VI18 V-29 VI23 V-5 VII14 V-14 VI22 V-19 VI20 V-22 VI16 V ÷ 24 V − 11VI ÷ 1VII Length254345322834.69.0 Max/date21/1 VI23/4 VI21/15 VI22/21 V25/30 V22.4/2 VI1.7/24 V ÷ 11VI Total pollen150205158166167169.221.2 Days \> 10 grains/m^3^664665.60.9 Skewness1.742.352.472.21.832.080--The number of days with rye pollen over a threshold value at which the first symptoms develop: days \> 10 grains/m^3^ (Hofman and Michalik [@CR22]; Rudzki [@CR50])*SD* standard deviation

Methods in the verification of results {#Sec5}
--------------------------------------

The pollen season (PS) in particular years was counted as the period from which the sum of daily mean pollen concentration reaches 1% of the total sum, until the time when the sum reaches 99%, i.e. the time with 98% of the whole pollen amount (98% method) (Emberlin et al. [@CR14]; Galán et al. [@CR16]). The period over which the threat related to the grass pollen presence is the greatest in the air, i.e. the main pollen season, was established as proposed by Nilsson and Persson ([@CR36]) as the period from which the sum of daily mean count concentrations reached 5% of the total sum until the time when the sum achieved 95% of the total sum. To describe the main features of the pollen season, the stages at which the cumulative pollen sum reaches the values of 1--2.5%, 2.5--5%, 5--25%, 25--50%, 50%, 50--75%, 75--95%, 95--97.5% and 97.5--99% of the total annual pollen count are illustrated in Figs. [1](#Fig1){ref-type="fig"} and [2](#Fig2){ref-type="fig"}. The progress of the pollen season was presented according to the method described by Latałowa et al. ([@CR32]).Fig. 1Dynamics of Poaceae pollen seasons in Szczecin, 2004--2008; following stages of the pollen season: (1) starts at the date for 1%, (2) 2.5--5%, (3) 5--25%, (4) 25--50%, (5) 50% (*vertical line*), (6) 50--75%, (7) 75--95%, (8) 95--97.5% (9) ends at the date for 99% of the annual pollen sum. *Filled inverted triangle* date of maximum pollen countFig. 2Dynamics of *Secale* pollen seasons in Szczecin, 2004--2008; following stages of the pollen season: (1) starts at the date for 1%, (2) 2.5--5%, (3) 5--25%, (4) 25--50%, (5) 50% (*vertical line*), (6) 50--75%, (7) 75--95%, (8) 95--97.5% (9) ends at the date for 99% of the annual pollen sum. *Filled inverted triangle* date of maximum pollen count

Variation in the season features analysed in Table [1](#Tab1){ref-type="table"} was evaluated on the basis of the standard deviation (SD) and skewness (the degree of asymmetry of a given distribution about the mean value).

The meteorological daily average data for the 5 years and daily average air pollution data for 4 years (the data for 2004 are missing) were provided by the Automatic Weather Station (Vaisala MAWS101, Helsinki, Finland), placed right next to volumetric sampler. The meteorological factors taken into regard in assessment of the effect of meteorological conditions on the airborne pollen were maximum wind speed, amount of precipitation, relative humidity, mean and maximum air temperature, and the dew point, according to literature data (Peternel et al. [@CR40]; Kasprzyk [@CR28]; Jato et al. [@CR26]; Kasprzyk and Walanus [@CR29]). The air pollution data (μg/m^3^) analysed were the concentrations of ozone, sulphur dioxide, nitrogen oxides and particulate matter (PM~10~). The degrees of correlation between particular meteorological and air pollution factors, and the concentration of grass pollen were described by the Spearman's rank correlation coefficient due to the presence of non-normality and non-linearity in the data set. Further, pollen counts were log(*x* + 1)-transformed in order to normalize their distributions and linearize their dependences on meteorological parameters and pollution. Then, the multiple regression analysis was applied using Statistica software version 9.0 (StatSoft Inc [@CR55]). Statistical error risk was estimated at the significance level of 95%, α ≤ 0.05. Multiple regression was performed to understand the combined influence of meteorological variables and air pollution on airborne pollen and assess predictive performance of such models.

Results {#Sec6}
=======

As the family Poaceae is represented by many taxa, the pollen seasons were very long, whereas the analysis of one *Secale* genus showed short, compact seasons with very brief particular phases. The length of the Poaceae pollen season varied considerably from 112 days in 2008 and 2006 (113 days) to 148 days in 2004. The pollen of ryegrass occurred in the air from 25 to 45 days; the shortest pollen season was observed in 2004 and the longest period in 2006 (Table [1](#Tab1){ref-type="table"}; Figs. [1](#Fig1){ref-type="fig"}, [2](#Fig2){ref-type="fig"}). From among the five Poaceae pollen periods analysed, the lowest peak value of 171 grains/m^3^ was noted in 2004. The highest pollen concentration of 435 grains/m^3^ occurred in 2007. However, the concentrations of *Secale* pollen grains were very similar in all years studied, and the maximum values were in the range 21--25 grains/m^3^. The highest annual total sum was observed in 2005, and the lowest annual sum occurred in 2004, so in the years different from those of the maxima in the other genera of grass family (Table [1](#Tab1){ref-type="table"}).

The main pollen season determined by the 90% method started for grass family at the end of May and lasted to the second decade of September and for *Secal*e genus from the second half of May in 2007 to the end of June in 2006. In this time, in the air over Szczecin, the pollen count of grass family was very high and the allergic people developed the symptoms of pollinosis (Rapiejko et al. [@CR44]). The period, in which the grass pollen count exceeded the threshold value of 20 grains/m^3^ causing the first symptoms, lasted in Szczecin from 47 to 72 days. (Fig. [1](#Fig1){ref-type="fig"}; Table [1](#Tab1){ref-type="table"}). The flowering and pollination of ryegrass take place in Poland usually from the half of May to the half of June. However, in the 5 years studied, the risk of allergy to *Secale* pollen was observed during about a week (Fig. [2](#Fig2){ref-type="fig"}; Table [1](#Tab1){ref-type="table"}). A separate analysis of ryegrass pollen season showed visible allergy disease threat at the beginning of the grass pollen season.

The diagrams representing the dynamics of the Poaceae pollen occurrence are long in general and asymmetric. The pollen concentration distributions in individual seasons are strongly skewed to the right (Fig. [1](#Fig1){ref-type="fig"}; Table [1](#Tab1){ref-type="table"}). The initial phases (1,2) last 5--10 days and are considerably shorter than the final ones, which indicate more intense pollination in the beginning of the season. The length of the middle phases (25--75%) changed alternately, every second year; however, this observation needs to be confirmed by long-term studies. The dates of the maximum pollen count (Table [1](#Tab1){ref-type="table"}, Fig. [1](#Fig1){ref-type="fig"}) were recorded before the phase of 50% total pollen sum, in subsequent years except the year 2004.

The diagrams of dynamics of the *Secale* pollen season are regular, short and asymmetric except that for the year 2006 (Fig. [2](#Fig2){ref-type="fig"}). The pollen concentration distributions in particular seasons are strongly skewed to the right, similarly the whole Poaceae family (Table [1](#Tab1){ref-type="table"}). The initials stages (1, 2.5, 5%) are very short, similarly as the phases with the seasonal sum of pollen from 5 to 25% (4--5 days long). In 2006, the stage of 5--25% lasted 12 days due to the lowest air temperature (15--21°C) in comparison with those of the analogous stages in the other years studied. The dates of the maximum pollen count (Table [1](#Tab1){ref-type="table"}; Fig. [2](#Fig2){ref-type="fig"}) were noted before the phase of 50% total pollen sum except for the year 2005. Analysis of standard deviation has evidenced high variation in particular features of the Poaceae pollen season (and in the length of the pollen season of Secale). The other parameters of the pollen season of the rye show low variation (Table [1](#Tab1){ref-type="table"}).

Spearman's correlation test was performed in order to identify the major variables likely to influence the dynamic of the pollen season (Tables [2](#Tab2){ref-type="table"}, [3](#Tab3){ref-type="table"}). Positive and statistically significant correlation was observed between the Poaceae pollen and the mean and maximum temperatures. Rainfall and humidity revealed significant negative correlations. As far as *Secale* is concerned, only humidity (negative correlation) and maximum temperature (positive correlation) significantly influenced the pollen counts.Table 2Poaceae pollen counts and selected meteorological variables in the multiple regression and Spearman's rank correlation analyses in Szczecin (2004--2008)TaxonVariance analysis at α = 0.05Adjusted *R*-squareExplanatory variablesβSpearman coefficientPoaceae*F* = 23.660.18Wind~max~0.02−0.03*p* = 0.00Rain0.09\*−0.18\*Humidity−0.99\*−0.39\**T*~mean~−1.09\*0.29\**T*~max~0.37\*0.35\*Dew point0.79\*−0.01*SecaleF* = 2.920.06Wind~max~0.060.02*p* = 0.01Rain0.02−0.14Humidity0.85−0.19\**T*~mean~0.780.12*T*~max~0.65\*0.16\*Dew point−1.22−0.06\* Statistical significance *p* \< 0.05Table 3Poaceae pollen counts and selected air pollution in the multiple regression analysis and Spearman coefficient in Szczecin (2005--2008) (lack of the air pollution data in 2004)TaxonVariance analysis at α = 0.05Adjusted *R*-squareExplanatory variablesβSpearman coefficientPoaceae*F* = 19.820.23SO~2~0.26\*0.12\**p* = 0.00NO−0.13−0.05NO~2~−0.130.00O~3~0.31\*0.46\*NO~x~0.13−0.02PM~10~0.18\*0.32\*CO−0.020.02*SecaleF* = 2.760.08SO~2~−0.13−0.06*p* = 0.01NO−0.63−0.07NO~2~−0.770.04O~3~0.23\*0.19\*NO~x~1.40−0.00PM~10~0.24\*0.18\*CO−0.12−0.07\* Statistical significance *p* \< 0.05

Analysis of relationships between the pollen counts and the air pollution showed positive correlations with ozone and PM~10~ contents (Poaceae and *Secale*) as well as with SO~2~ content (only Poaceae).

Spearman's rank correlation analysis between meteorological factors and pollutants showed some significant relationships but of rather low strength (Table [4](#Tab4){ref-type="table"}).Table 4Spearman's rank correlation analysis between meteorological variables and air pollutant concentrations in Szczecin (2005-2008)FactorsSO~2~ (μg/m^3^)NO (μg/m^3^)NO~2~ (μg/m^3^)O~3~ (μg/m^3^)NO~x~ (μg/m^3^)PM~10~ (μg/m^3^)CO (μg/m^3^)Wind~max~ (m/s)0.050.02−0.020.33\*−0.01−0.18\*−0.26\*Rain (mm)−0.26\*−0.24\*−0.25\*−0.13−0.25\*−0.24\*0.04Humidity (%)−0.39\*−0.33\*−0.31\*−0.32\*−0.32\*−0.130.19\**T*~mean~ (°C)0.18\*0.010.130.20\*0.080.54\*0.08*T*~max~ (°C)0.21\*0.050.20\*0.19\*0.140.52\*0.08Dew point (°C)−0.18\*−0.27\*−0.12−0.12−0.18\*0.50\*0.26\*\* Significant coefficients, *p* \< 0.05

The multiple regression analysis was performed in order to determine how much of total variance in pollen counts can be explained by meteorological variables (Table [2](#Tab2){ref-type="table"}), air pollution (Table [3](#Tab3){ref-type="table"}) and all the other factors (Table [5](#Tab5){ref-type="table"}). For Poaceae, meteorological parameters explained 18% of the total variance. All the variables were important in the model except for the maximum wind speed. Higher portion of variance (23%) was explained by the effect of pollutants (O~3~, SO~2~, PM~10~). The multiple regression models between *Secale* and meteorological conditions and pollutants exhibited even lower predictive abilities; they explained 6 and 8% of the total variance, respectively. Only maximum temperature, ozone and PM~10~ were important in the models. The model with both sets of environmental parameters explained 27% of total variance for Poaceae (significant explanatory variables: rain, SO~2~, O~3~, PM~10~) and 13% of *Secale* pollen count variance (explanatory variables---humidity, dew point temperature, PM~10~).Table 5Poaceae pollen counts, selected air pollution and meteorological variables in the multiple regression analysis in Szczecin (2005--2008) (lack of the air pollution data in 2004)TaxonVariance analysis at α = 0.05Adjusted *R*-squareSignificant explanatory variables *p* \< 0.05βPoaceae*F* = 13.180.27Rain0.09*p* = 0.00SO~2~0.22O~3~0.21PM~10~0.14*SecaleF* = 2.520.13Humidity1.46*p* = 0.00Dew point−1.86PM~10~0.28

Discussion and conclusion {#Sec7}
=========================

In the Polish population, patients suffering from pollinosis are most frequently allergic to wild grasses and rye pollens (Jahnz-Różyk et al. [@CR23]). Because of the large number of Poaceae species, the pollen season of grasses is very long and in Central Europe lasts for over 5 months. The Poaceae pollen is present abundantly over most of the area of Poland from the half of May to the half of August (Piotrowska and Weryszko-Chmielewska [@CR41]; Szczepanek [@CR57]). The grass pollen season in Szczecin lasts for about 5 months, and the highest Poaceae pollen count is recorded from the end of May to the half of September.

The dates of the beginning of the pollen seasons of grasses observed in subsequent years were different. The differences were accounted for by the meteorological conditions, especially the air temperature in the spring and the amount of precipitation in the period before pollen season (Sánchez-Mesa et al. [@CR52]). In Szczecin, the grass pollen season starts usually in the second decade of May; however, the differences in the dates in subsequent years reach over a dozen days. A remarkable difference between the earliest and the latest onset of pollen season, of as many as 63 days, was recorded in Vigo, Spain (Jato et al. [@CR26]). Garcia-Mozo et al. ([@CR17]) reported great yearly variation in the start of main pollen season of a Poaceae compared with the peak day, because early flowering grass species like *Dactylis glomerata* (orchad grass) are most responsive to meteorological conditions. In Szczecin, the diagrams representing the dynamics of the Poaceae pollen season are asymmetric, and the pollen concentration distributions during pollen seasons are strongly skewed to the right. The high variation in particular features of the Poaceae pollen season is probably caused by a huge pollen productivity and the large number of species included in this family. The initial phases (1--3) are considerably shorter than the final ones and indicate more intense pollination in the beginning of the season. It could be a result of the high air temperature of above 22°C, which induces almost total emptying of grass anthers in 2--3 days. The blossoming period of a single flower of *Secale cereale* lasts 14--60 min, while that of a ear reaches about 5 days (Tarkowski [@CR58]), which in the diagrams of the seasonal dynamics is manifested as a shortening of the initial stages of pollen season. The extension of final stages is a result of the second fall of grass pollen (resuspension) and medium- and long-distance transport of pollen (Szczepanek [@CR57]; Helbig et al. [@CR21]; Jato et al. [@CR25]).

Air pollution can aggravate the symptoms of pollinosis. Taylor et al. ([@CR59]) have shown that synergistic combination of allergen-loaded pollen debris and aromatic hydrocarbons, found in fine combustion aerosols, might explain the increased prevalence of pollen-induced asthma in the last half century. Motta et al. ([@CR35]) have reported that traffic-related pollutants (NO~2~, O~3~) can trigger the release of allergen-containing granules from grass pollen and increase the bioavailability of airborne pollen allergens. In Szczecin, a co-occurrence was recorded between Poaceae pollen count and the concentration of SO~2~, O~3~ and PM~10~ in the multiple regression as well as Spearman's rank correlation analysis. The regression models can be used for predicting the levels and interrelationship between pollen count, other pollutants and meteorological conditions. The particulate air pollution is associated with increased respiratory morbidity and mortality, and these effects are exacerbated in persons with pre-existing inflammatory lung disease (González-Flecha [@CR19]). Ornstad et al. ([@CR38]) reported that the particulate matter (PM~10~) consisted predominantly of carbon aggregates of which the majority were smaller than 1 μm, and these particles have important allergens attached to their surface. Feo Brito et al. ([@CR15]) confirmed that pollen-allergic asthmatic patients living in a more polluted region present more symptoms of seasonal asthma than those living in a city with low level of pollution. In Cincinnati, Ohio, USA, positive Spearman's correlation was found between PM~10~, ozone concentration and Poaceae pollen count. However, the linear regression models for the pairs of variables showed statistically significant correlations between air temperature, and ozone and PM~10~ levels (Adhikari et al. [@CR2]). The weather conditions (independent variables) influence pollen and pollution concentrations (dependent variables); however, air pollution does not influence pollen counts; nevertheless, these variables occurred in the same time. The results obtained in Szczecin in the multiple regression analysis have also shown that the pollen count of grass is positively correlated with the concentration of O~3~ and particulate matter concentration as a result of the atmospheric temperature influence. The elevated air temperature is a result of high insolation, favouring photochemical reactions between nitrogen oxides and hydrocarbons (main emission sources: diesel exhaust and industry) leading to formation of ozone (Roberts [@CR47]). The elevated content of ozone and pollen in the atmospheric air was recorded on warm sunny days during the pollen season (also in Szczecin).

The meteorological conditions belong to important factors affecting the airborne pollen count. In Szczecin, the correlations between the pollen content in the air and the mean and maximum day temperature, amount of precipitation and relative humidity were found. Poaceae development is strongly influenced by both temperature and rainfall, and water availability is a major determinant of growth. The positive associations between Poaceae pollen concentration and temperature are consistent with a number of previous studies (Bartkovǎ-Ščevkovǎ [@CR5]; Jato et al. [@CR24]; Stennett and Beggs [@CR56]; Peternel et al. [@CR40]). In Szczecin, a synchronization of occurrence was found between the grass pollen count and mean and maximum air temperature. In Rzeszów (Poland), maximum and mean temperatures were the primary factors determining the onset of Poaceae pollen season; however, the correlations were negative (Kasprzyk and Walanus [@CR29]). Sánchez-Mesa et al. ([@CR51]) have shown that the minimum temperature was the most important factor in the city of Cordoba, whereas in other cities with a different climate, such as London, the most important factor was the maximum temperature (Galán et al. [@CR16]). In Greece, the results of regression analysis (for the 15-year period) revealed also the significant and positive correlation between the average total pollen concentrations and average temperature values (Gioulekas et al. [@CR18]).

Rainfall and relative humidity were found to be negatively correlated with Poaceae pollen in Szczecin. Similar results have been obtained in other cities by, for example, Bartkovǎ-Ščevkovǎ ([@CR5]), Sánchez-Mesa et al. ([@CR52]), Piotrowska and Weryszko-Chmielewska ([@CR41]), Rodriguez-Rajo et al. ([@CR48]), Docampo et al. ([@CR13]). Increasing grass pollen count in the air with decreasing relative humidity has been noted, for example, by Stennett and Beggs ([@CR56]), Vega-Maray et al. ([@CR60]), Peternel et al. ([@CR40]). Stennett and Beggs found little association between grass pollen and rainfall in Sydney; however, a strong positive correlation with rainfall was recorded in Spain (Jato et al. [@CR26]). An increase in the relative air humidity is usually related to a decrease in the pollen count in the atmosphere. In these conditions, grass pollen grains often break, and the cytoplasmatic mass with the allergenic proteins is released (Grote et al. [@CR20]). This phenomenon explains the aggravation of the allergy symptoms in the conditions of high air humidity during the pollen season of Poaceae. As the process of allergen release from the pollen grains intensifies immediately before rainfalls, at the dew point temperature, it is important to take this meteorological variable into account in the analyses of correlations with the pollen concentrations (Kasprzyk [@CR28]).

The study conducted in Szczecin showed that there are significant correlations between various meteorological factors and air pollution and the concentration of grass pollen in the air in Szczecin. Moreover, if the relationships between a combination of several weather variables and pollen presence are tested for the same periods, the results can be different from testing individual parameters against each other, and the interactions between actual air pollution, meteorological conditions and pollen concentrations need more detailed studies. The greatest risk from Poaceae for pollen allergy sufferers in Szczecin (days \> 50 grains/m^3^) lasts on average from mid-June to mid-August. However, in Galicia, Spain, an analogous period (days \> 30 grains/m^3^) occurs from mid-May to late July, and the highest pollen count tended to be recorded in June and July (Jato et al. [@CR26]). In Szczecin, the number of days with grass pollen count over 50 grains/m^3^ was 21--32 days per year, whereas Docampo et al. ([@CR13]) noted in Nerja (southern Spain) 11--23 days in the years 2001--2003. Maximum mean daily pollen concentration values in Catalonia, Spain, occurred in May or June, with variation between 14 and 24 days (the research concerned 5 cities in 1996--2001); however, the pollinosis risk in all years and sites reached low or medium level (Latorre and Belmonte [@CR33]). In Zagreb, Croatia, a high variability was observed in the number of weeks when grass pollen concentration exceeded the threshold value of 30 grains/m^3^, i.e. 1--5 weeks in the years 2002--2005 (Peternel et al. [@CR40]). In the Porto region, Portugal, Poaceae pollen occurs mainly from April to August, with the maximum airborne concentration usually in July (Abreu et al. [@CR1]). Garcia-Mozo et al. ([@CR17]) reported that in southern Spain, the peak date was recorded around mid-May, while at northern sites, peak pollen release was recorded in mid-June or even early June; this is the period of the highest risk of the appearance of pollinosis symptoms in persons with hypersensitivity of the grass pollen allergens.

The investigation was carried out within the framework of Ministry of Science and Higher Education project No N N305 367738.
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